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ABSTRACT 
Verma and Kamte (1980) and Joseph et al. (1981) identified the association between Indian monsoon rainfall and 
200-mbar meridional wind index for the month of May, and indicated its potential for prediction of the seasonal rainfall. 
A detailed investigation has been made of this relationship between the monsoon rainfall over India and the meridional 
wind index (arithmetic average of 200-mbar meridional wind component for May at Bombay, Delhi, Madras, Nagpur, 
and Srinagar) based on the data for the period 19641988. 
The relationship between all-India monsoon (June-September) rainfall (R) and the wind index (Vm) is negative 
(correlation coefficient = - 0.72) and is significant at the 0.1 per cent level and the regression equation based on this data, 
for the period 1964-1988, is R = 8698 -2.44 Vm. The stability and consistency of the relationship between rainfall and the 
wind index have been examined over sliding widths of 15 and 21 years, and the relationship is found to be significant at the 
1 per cent level for all windows of 21-year widths. The meridional wind index shows a good potential in the long-range 
prediction scheme of the Indian monsoon rainfall, along with other parameters. 
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INTRODUCTION 
The summer or south-west monsoon accounts for over 75 per cent of the annual rainfall over most parts of 
India. The summer monsoon circulation becomes established over the Indian region towards the end of May 
and continues until the end of September. Koteswaram (1960) postulated a vertical direct circulation cell 
associated with the summer monsoon of India, with its heat source over the Tibetan Plateau and sink over the 
equatorial regions, according to which, the southwest monsoon is pictured as a poleward return current in the 
lower troposphere. May and October are the transitional months of either end of the monsoon season. 
Ananthakrishnan (1977) has drawn attention to the interesting changes that take place in the reversal of 
pressure gradient through the lower and upper levels in the month of May preceding the monsoon onset. 
Joseph (1978,1983) analysed the monthly meridional components of winds at 150-mbar and 200-mbar levels 
for May and June over Indian stations for good (1967, 1970, and 1973) and bad (1965, 1966, and 1972) 
monsoon years. He found that the changes in the upper air circulation were important in modulating the 
monsoon rainfall over India, and concluded that, during the years of monsoon failure southerly meridional 
winds occupy the whole of central and north-west India in May and June, and in good monsoon years 
southerlies are not seen at all over India. There was large year-to-year variability of the summer monsoon 
rainfall over India during the 25 years 1964-1988 and as many as 10 large-scale abnormal rain years occurred 
during this period. Therefore, seasonal forecasting has assumed one of the most important aspects of the 
summer monsoon rainfall. The long-range forecast of monsoon rainfall involves statistical and synoptic 
methods together with qualitative reasoning, mainly on the basis of a correlation approach. 
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Many theoretical and observational studies during the recent past have shown that upper air winds exercise 
great influence over the monsoon activity. Some of the features in the transition months of April and May 
provide us with a significant capability to forecast the ensuing monsoon rainfall. The potential of upper air 
parameters for forecasting the monsoon rainfall was brought out by Jagannathan and Khandekar (1962). 
Banerjee et al. (1978) identified, for the first time, the location of the ridge at the 500-mbar level along 75"E 
during April as a predictor parameter for the monsoon rainfall, which was analysed in detail with more data 
by Mooley et al. (1986). The practical application of this parameter, along with other regional and global 
parameters, was discussed by Shukla and Mooley (1987) and Parthasarathy et al. (1988a). However, there are 
some limitations involving subjectivity in determining the location of the ridge (Shukla and Mooley, 1987). 
The upper level subtropical anticyclone over the Indian region is an important atmospheric circulation 
feature, which separates the tropical easterlies from the extratropical westerlies. In the summer monsoon 
months the ITCZ is displaced to about 27"N over the Indian region. The ascending limb of the northern 
Hadley cell is near this latitude, with the descending limb close to the Equator. The corresponding meridional 
circulation should have northerly flow in the upper troposphere and southerly flow in the lower troposphere. 
Fluctuations in the meridional wind flow are closely linked to the activity ofthe monsoon (Ananthakrishnan, 
1977). Global and regional features of stratospheric-upper tropospheric circulation in relation to monsoon 
rainfall over India have been studied by several workers, e.g. Raja Rao and Lakhole (1978), Thapliyal(1979), 
Mukherjee et al. (1985), Ranjit Singh (1985), Raj et al. (1985), Parthasarathy et al. (1987b) and Bhalme et al. 
(1987). These studies have demonstrated that useful predictors based on upper air circulation having good 
potential for long-range forecasting of monsoon rainfall can be obtained. 
The usefulness of the meridional wind anomaly at the 200-mbar level for the long-range forecasting of 
Indian summer monsoon rainfall was first pointed out by Verma and Kamte (1980) and simultaneously, but in 
greater detail, by Joseph et al. (1981). Verma and Kamte (1980) correlated the 200-mbar meridional wind 
anomaly for the months April to June over the north-west Indian region (average of five stations: Bombay, 
Ahmedabad, Jodhpur, New Delhi, and Srinagar) with all-India monsoon rainfall for the 10-year period 
1968-1977, and obtained a significant (at the 1 per cent level) correlation coefficient (CC) of -0.795 for May. 
The CCs for April and June were found to be not significant. They further demonstrated the use of the May 
Figure 1. Correlation between Indian monsoon rainfall and the monthly mean 200-mbar meridional wind in May over India and 
adjoining areas for the period 1964-1978 (after Joseph et al., 1981) 
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anomaly to forecast the Indian monsoon rainfall. Joseph et al. (1981) identified the importance of the 
meridional wind component at 200 mbar for the month of May based on a preliminary study, and made a 
detailed examination of the relationship with the all-India monsoon rainfall, using data for the period 
1964-1978 (15 years) at many stations spread around the Indian subcontinent (Figure 1; after Joseph et al., 
1981). They found that the meridional wind over almost all India showed a negative correlation with the all- 
India monsoon rainfall, which is particularly significant over north-west India. Almost equally strong positive 
correlations are found around Kuwait on the western side and around Burma on the eastern side. Another 
negative area is seen further east. Joseph et al. (1981) argued that this cellular structure of correlation 
coefficient may be due to the equatorward intrusion of upper tropospheric subtropical westerlies into areas 
immediately west of India, which is believed to cause large-scale failure of the Indian monsoon. After trying 
different combinations of Indian stations with high negative correlation, they found that the spatial average at 
five stations (Figure l), namely Bombay (BMB), Delhi (DLH), Madras (MDS), Nagpur (NGP), and Srinagar 
(SRN), showed the highest CC of -0.891 with all-India monsoon rainfall and suggested its utility for long- 
range forecasting of Indian monsoon rainfall. 
In view of the potential of the 200-mbar meridional wind in May as a predictor parameter for the Indian 
monsoon, it is felt necessary that a comprehensive analysis of its relationship with the all-India monsoon 
rainfall be made using a homogeneous data set, to understand the nature of its influence on seasonal as well as 
monthly rainfall of the monsoon season (June to September) and also the stability and consistency of the 
correlations during the data period. The spatial distribution of this relationship, using data on subdivisional 
rainfall, is also an important aspect to be studied. The contribution of the 200-mbar meridional wind index in 
a multiple regression model developed to forecast the monsoon rainfall may determine its practical utility. 
Therefore, an attempt has been made in this paper to study all these aspects. 
DETAILS O F  DATA 
Earlier studies of Hastenrath (1987) and Parthasarathy et al. (1988a) of the relationship between Indian 
monsoon rainfall and regional and global circulation parameters indicated that, to establish a stable 
correlation coefficient (CC) useful for prediction purposes, a data length of about 20-30 years is necessary and 
sufficient. 
Indian summer monsoon rainfall 
Parthasarathy and Mooley (1978) prepared a monsoon rainfall series of India, consisting of all the 
meteorological subdivisions in the country. However, the number of rain-gauges varied between 350 and 2500 
during the period 1866-1978. This rainfall series was used in the studies of Verma and Kamte (1980) and 
Joseph et al. (1981). The variable rain-gauge network and inclusion of hilly areas where the rain-gauges are 
not representative of the terrain, impose some limitations on the rainfall series of Parthasarathy and Mooley 
(1978). 
All-India (India taken as one unit) and the 29 different meteorological subdivisional (plain regions of the 
country) summer monsoon (June to September) rainfall have been prepared by proper area weighting of data 
from a fixed network of 306 well-distributed rain-gauges over the country. The reader is referred to Mooley 
and Parthasarathy (1984a) and Parthasarathy et al. (1987a) for a detailed discussion of preparing these data 
sets and a listing of the data series from 1871 onwards. These data have been used in the present study, after 
updating to 1988 (Parthasarathy et al., 1990~). 
The mean (R), standard deviation (S) and coefficient of variation (CV) for all-India summer monsoon 
rainfall for the period 19641988 (25 years) are 82.9 an, 9.4 cm and 11-4 per cent, respectively. The monsoon 
rainfall of an individual year is classified as deficient when it is less than R-S and excessive when it is more 
than R+ S. The impact of these extreme rainfall years on the total food grain production of the country was 
demonstrated by Parthasarathy et al. (1988b). The extreme years of all-India summer monsoon rainfall during 
1964-1988 consist of six deficient (1965,1966,1972,1979,1982, and 1987) and four excess (1970,1975,1983, 
and 1988) years (Figure 2). 
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Mer id ional wind index 
The monthly mean upper tropospheric wind data were available for a majority of the Indian radiosonde 
and rawin stations from the year 1964 onwards. The wind data at the 200-mbar level have been resolved into 
meridional and zonal components for May for the years 19661988. To prepare the 200-mbar meridional 
wind index for May, we have used the set of five stations Bombay, Delhi, Madras, Nagpur, and Srinagar, as 
identified by Joseph et al. (1981), and obtained their arithmetic average of the meridional wind component. 
This series, known as the 200-mbar meridional wind index series (V,,,), has been prepared for the period 
1964-1988 and used in the present study (Figure 2). The mean and standard deviation of the wind index for 
May during the period 1964-1988 are 1.7 m s - l  and 2.8 m s- l, respectively. 
METHODOLOGY 
To study the association between the Indian summer monsoon rainfall and the 200-mbar meridional wind 
index and to develop the prediction equations, the following approach has been used: (i) simple correlation 
analysis, (ii) examination of the consistency of CCs over the period 1964-1988 using sliding windows (Bell, 
1977) of widths of 15 and 21 years, and (iii) simple and stepwise regression analysis. 
The persistence of the data series involved has been taken into consideration, as suggested by Quenoulli 
(1952), by reducing the number of degrees of freedom on the basis of positive autocorrelations of lags 1 to 3, for 
assessing the statistical significance of the CCs. The effective number of degrees of freedom (Neff) for a data set 
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Figure 2. Year-to-year variation of all-India summer monsoon rainfall along with 200-mbar meridional wind index for May during the 
period 1964-1988 
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of N pairs of values is given by 
Ncff =N/(1+2r1r; +2r2r;+2r3r;) 
where rI ,  r2 and r3 are the autocorrelations of lags 1,2 and 3 for the first series and r;, f2 and r; are similar 
values for the second series. 
To develop a multiple regression with dynamically plausible predictor parameters of regional and global 
circulation that are significantly correlated with all-India monsoon rainfall, including the regional 200-mbar 
meridional wind index, a stepwise procedure of entering variables into the regression equation following the 
algorithm developed by Jennrich (1977) has been adopted. 
RELATIONSHIPS WITH MERIDIONAL WIND INDEX 
The CCs between the 200-mbar meridional wind index of May and all-India monsoon rainfall for different 
months during the season, their different combinations, and the seasonal total are shown in Table I. The CCs 
are negative and significant at the 5 per cent level or above in all cases. Among individual months, the August 
rainfall shows the highest CC of -0.59, significant at the 1 per cent level. Two-month rainfall shows 
significant CCs at the 1 per cent level or above for all the three combinations, but that of July + August shows 
the highest CC of -0.71, significant at 0.1 per cent level. The seasonal total (June to September) shows the 
highest CC of -0.72, indicating that the rainfall of the season as a whole gives a better signal than the 
individual months or their combination within the monsoon season. However, it may be noted that all the 
correlations indicate an inverse and highly significant relation between the meridional wind index and 
monsoon rainfall. 
The CCs obtained here may be compared with those of Verma and Kamte (1980) and Joseph et al. (1981), 
who used rainfall series based on a variable rain-gauge network. Verma and Kamte (1980) prepared the 200- 
mbar meridional wind anomaly series for the 10-year period 1968-1977 based on five north-west Indian 
stations and obtained a CC of -0.795 with all-India rainfall. In the present study, the CC value is found to be 
-0.916 during the same period. Joseph et al. (1981) obtained a CC of -0.891 during 19641978 while this 
study shows a CC of -0.915 for the same period. Thus, it can be seen that the improvement in the quality of 
the data sets in the present study helped in improving the correlation, which can be quite useful for inclusion 
in a long-range prediction model for Indian monsoon rainfall. 
The mean values of the meridional wind index composited for extreme years of deficient and excess 
all-India summer monsoon rainfall (see Figure 2 for extreme monsoon years) are, respectively, +4*8 ms-' 
(southerly) and -0.6 m s- (northerly). 
Table I. Correlation coefficients between all-India 
summer monsoon rainfall of different months and 
their combinations and 2Wmbar meridional 
wind indices for the month of May for the period 
1964-1988 
Correlation 
All-India monsoon rainfall coefficient 
June 
July 
August 
September 
June and July 
July and August 
August and September 
June to September 
- 042' 
- 049' 
- 059b 
- 049' 
- 0.65' 
-071' 
- 062b 
- 072' 
Significant at the 5 per cent level. 
bSignificant at the 1 per cent level. 
'Significant at the 0.1 per cent level. 
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CONSISTENCY OF RELATIONSHIP 
Figure 3 shows the variation of the CCs between all-India monsoon rainfall and the meridional wind index 
during the period 1964-1988, with a sliding window width of 15 and 21 years; the CC value is plotted on the 
central year of the window. The CCs for the 15-year sliding width show very high values in the first few years 
up to 1977 (corresponding to the 1969-1983 window) and the CC gradually decreases in magnitude, attaining 
a non-significant value of -0.42 for the year 1981 (1973-1987 window). However, the CC for the next window 
of 1974-1988 again increases in magnitude and becomes significant at the 5 per cent level, which indicates that 
the association may be useful in the present period. The CC values for sliding windows of 21-year width are all 
significant at the 5 per cent level or above, indicating that a data length of 21 years is a minimum requirement 
for establishing the stable association between the two parameters. 
RELATIONSHIP BETWEEN MERIDIONAL WIND INDEX AND SUBDIVISIONAL 
MONSOON RAINFALL 
To understand the relationship between the meridional wind index and monsoon rainfall on a smaller spatial 
scale, a correlation analysis of monsoon rainfall data of 29 different subdivisions of India for the period 
1964-1988 was performed. The CCs are generally negative for a major part of India (Figure 4) and significant 
at the 10 per cent level for 21 contiguous subdivisions covering 78 per cent area of the country. Out of these, 
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Figure 3. Variation of correlation coefficient over sliding window widths of IS and 21 years, between all-India monsoon rainfall and 
200-mbar mcridional wind index during the period 196e1988 
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Figure 4. Correlation coefficient between monsoon rainfall of different meteorological subdivisions of India and 200-mbar meridional 
wind index for the years 1964-1988 
the CCs are significant at 5 per cent level for 16 subdivisions and at the 1 per cent level for five subdivisions. 
The Punjab subdivision shows the CC of highest magnitude (-0.61). The subdivisional distribution of the 
relationship indicates two core areas where the meridional index can be used to predict the monsoon rainfall 
on a regional scale, for north-west India and the north Peninsula. Similar spatial patterns of the correlations 
have been observed in the case of several other predictors of Indian monsoon rainfall (Mooley and 
Parthasarathy, 1983, 1984b; Mooley et al., 1986; Parthasarathy and Pant, 1985; Parthasarathy et al., 
1990a, b). Part of this spatial pattern may be attributed to the spatio-temporal variability of the monsoon 
rainfall itself. This needs further detailed examination, to identify the areas having maximum predictability. 
DEVELOPMENT OF PREDICTION EQUATION FOR ALL-INDIA MONSOON RAINFALL 
Using the meridional wind index (V,, m s- ) as the independent variable and the all-India monsoon rainfall 
(R, cm), a simple linear regression equation has been developed 
R = 86.98 - 2.44 V,,, (1) 
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This equation explains 51.6 per cent of the variance in rainfall and the slope of this regression line is significant 
at the 0.1 per cent level, F value being 24.6, with a standard error of estimate of 6.8 cm. A single parameter 
explaining such a high variance is of considerable importance in developing a prediction model. 
The all-India monsoon rainfall for the year 1989 estimated from the equation after substituting the value for 
V,= 1.9 m s- is 82.3 cm, which is 1 per cent below the 1964-1988 mean (82.9 cm). The observed value of all- 
India monsoon rainfall in 1989 is 866  cm, which is + 4 3  per cent above the 1964-1988 mean. All-India 
rainfall estimated from the meridional wind index, based on equation (l), for the period 1964-1988, is shown 
in Figure 5. The actual and estimated values for the years 1964-1978 are agreeing well, but later large 
differences can be seen in several years. This may be because of the limitations of using a single predictor and 
a possible non-linearity in the relationship. Therefore, it would be more useful and physically realistic to 
consider the meridional wind index along with other important circulation parameters for inclusion in the 
prediction model for the Indian monsoon rainfall. Parthasarathy et al. (1988a), from a detailed examination of 
the circulation features over the global tropical region in relation to the Indian monsoon during the period 
1951-1980, have arrived at a multiple regression equation consisting of four important parameters to predict 
the all-India monsoon rainfall. These parameters broadly represent the circulation features pertaining to the 
important ones among the large number of the parameters considered by Gowariker et al. (1989) in their long- 
range prediction scheme. Adding the meridional wind index, we have five parameters to be considered for a 
multiple regression equation. These are: 
(i) x1 = May 200-mbar meridional wind index (m s-'); 
(ii) x2 =April 500-mbar ridge position (ON) along 75"E (representing the seasonal transition of the mid- 
tropospheric circulation over India); 
(iii) x3 = Bombay (19"N,73"E) m.s.1. pressure (mbar), MAM-DJF (an indicator of the seasonal change of 
the thermal low pressure centre over the western region of India). MAM-DJF indicates the seasonal 
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Figure 5. Actual and estimated all-India monsoon rainfall for the years 1964-1988 
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tendency from winter (December, January, February) to spring (March, April, May) of the climatic 
element conckmed; 
(iv) x4 = Darwin ( 12"S;131°E) m.s.1. pressure (mbar), MAM-DJF (seasonal tendency in a core region of the 
Southern Oscillation (SO) in the proximity of Indian monsoon region); 
(v) x5 =Tahiti (18"S;15OoW) minus Darwin m.s.1. pressure (mbar), MAM-DJF (indicating the change in 
the strength of the SO). 
Using the above five parameters, a multiple regression equation is developed by a stepwise procedure. The 
inter-CCs between these parameters are presented in Table I1 for the period 1964-1988. The high inter-CCs 
may not pose a serious problem as the screening technique of the regression analysis effectively eliminates 
multi-collinearity by regressing the residual component of a predictand and predictors after deciding the first 
entrant in the stepwise process. The resultant equation is 
y =  55.81 - 1 * 4 3 ~ , +  1'43x5 + 1'26x2 -3 .35~3 
(51.6) (11.3) (5-5) (1.8) 
The values given in the parentheses below the regression coefficients indicate the increase in percentage of 
variance accounted for by the corresponding variable as it enters the regression equation, in the given order. 
The multiple CC of the equation is 0.838, accounting for 70.2 per cent of the total variance in rainfall and is 
significant at the 0.1 per cent level, the F value being 11.8 with a standard error of estimate of 5.8 cm. It may be 
noted that the meridional wind index is the first entry into the equation. Darwin, MAM-DJF (x4) could not 
enter in the equation as it does not satisfy the F-to-enter criterion at the 5 per cent level of significance. 
Figure 5 gives the computed and the actual all-India monsoon rainfall for the years 1964-1988. The 
multiple regression equation obviously gives better estimates of all-India rainfall than the linear model. When 
the performance of the multiple regression equation is viewed against the observed extremes of monsoon 
Table 11. Intercorrelations among the parameters used in the development of the regression model for prediction of all- 
India monsoon rainfall for the data period 196+1988 
Tahiti- 
Meridional Bombay Darwin Darwin 
All-India wind April pressure pressure pressure 
monsoon index 500-mbar tendency tendency tendency 
rainfall May ridge MAM-DJF MAM-DJF MAM-DJF 
Parameter Y X1 x2 x3 x4 XS 
~ ~~ 
All-India monsoon rainfall (y) 
200-mbar meridional wind 
1 -00 
index (xI) - 072' 1 -00 
April 500-mbar ridge at 75"E (x2) 059b -048' 1.00 
Bombay m.s.1. pressure 
MAM-DJF seasonal 
tendency (xJ - 059b 042' -019 1 .oo 
tendency (x4) - 0.65' 0 5 4 b  -0.28 063' 1 *00 
seasonal tendency ( x ~ )  061b - 042' 023 -064' - 087' 1 *00 
Darwin m.s.1. pressure 
MAM-DJF seasonal 
Tahiti minus Darwin m.s.1. 
pressure MAM-DJF 
'Significant at the 5 per cent level. 
bSignificaot at the 1 per cent level. 
CSignificant at the 01 per cent level. 
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Table 111. Deviations between observed' (R, cm) and 
estimated (R, cm) values from the multiple regression 
equation for extreme years of Indian summer mon- 
soon rainfall 
Excess Deficient 
years R - R  years R - R  
1970 -085 1965 - 0.58 
1975 095 1966 066 
1983 8.34 1972 1.96 
1988 5.30 1979 - 582 
1982 -014 
1987 - 10.68 
'Standard deviation of observed rainfall = 9-4 an. 
rainfall (Table 111), it is seen that, for two excess years (1983 and 1988) out offour and two deficient years (1979 
and 1987) out of six, the estimated values were in error by more than half the standard deviation. Excess 
rainfall was underestimated and deficient rainfall was overestimated, in both of these respective cases. The 
magnitudes of errors of estimation for extreme years do not give any clear indication of bias of the equation 
towards either excess or deficient monsoon. The all-India monsoon rainfall values are estimated for the 
independent year, 1989, from equation (2) by substituting the values xl = 1.9 m s- l ,  xg = - 1.93 mbar, 
x2 = 165"N, and x3 = -4.5 mbar. The predicted rainfall for the 1989 monsoon is found to be 86.2 cm, which is 
+ 4  per cent above the 19641988 mean. 
Thus, the above multiple regression equation can be a useful tool for long-range prediction of the Indian 
monsoon rainfall. The forecast can be made in the first week of June, as data for all the predictors are easily 
accessible over the global network. The part played by the observational errors may not be serious, as the 
wind and pressure data reported from the concerned stations are generally known to be accurate. The 
500-mbar ridge location, involving some amount of subjectivity in determination, is fairly well defined and 
has an error of less than 1" compared with the standard deviation of 2" (Shukla and Mooley, 1987), which may 
not significantly affect the forecast. 
CONCLUSIONS 
A study of the relationships between Indian summer monsoon rainfall and 2Wmbar meridional wind index 
over India for the month of May for the period 1964-1988 leads to the following conclusions. 
(i) The relationship between the meridional wind index and all-India monsoon rainfall is negative and 
highly significant (at the 0.1 per cent level) and the CC is -072. 
(ii) The shortest period for which the relationship is stable and consistently highly significant (at the 1 per 
cent level) is 21 years. 
(iii) The mean meridional wind index is about +4.8 m s- (southerly) during years of deficient all-India 
monsoon rainfall and - 0 6  m s- (northerly) during years of excessive rainfall. 
(iv) The relationship between subdivisional monsoon rainfall and the meridional wind index is significant 
at the 5 per cent level for 16 contiguous subdivisions mainly over north-west India and north 
Peninsula, which is similar to the patterns displayed by other predictors of the monsoon rainfall. This 
aspect needs more comprehensive study to identify areas having maximum predictability. 
(v) A simple regression equation R = 86.98 -2.44 V,,, for the period 1964-1988 between all-India rainfall 
(R, cm) and 200-mbar mean meridional wind index for the month of May (V,, m s- l) shows a good fit 
and accounts for about 51.6 per cent of the total variance in the rainfall. 
(vi) Meridional wind index is found to be a leading parameter in the multiple regression model for 
predicting the Indian monsoon rainfall. 
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